An unusual symbiosis, first observed at B3000 m depth in the Monterey Submarine Canyon, involves gutless marine polychaetes of the genus Osedax and intracellular endosymbionts belonging to the order Oceanospirillales. Ecologically, these worms and their microbial symbionts have a substantial role in the cycling of carbon from deep-sea whale fall carcasses. Microheterogeneity exists among the Osedax symbionts examined so far, and in the present study the genomes of the two dominant symbionts, Rs1 and Rs2, were sequenced. The genomes revealed heterotrophic versatility in carbon, phosphate and iron uptake, strategies for intracellular survival, evidence for an independent existence, and numerous potential virulence capabilities. The presence of specific permeases and peptidases (of glycine, proline and hydroxyproline), and numerous peptide transporters, suggests the use of degraded proteins, likely originating from collagenous bone matter, by the Osedax symbionts.
Introduction
Nutritional symbioses involving bacteria and their invertebrate hosts have critical roles in sustaining high productivity in many marine environments. Some of these invertebrate taxa transmit their essential symbionts vertically through eggs, but surprisingly, many acquire their symbionts horizontally from the environment (Bright and Bulgheresi, 2010) . Environmental symbionts must therefore face conflicting selective pressures for their hostassociated and free-living subpopulations. Coevolutionary pressures will constrain changes to bacterial genes that facilitate infection of aposymbiotic invertebrate larvae, engage in 'hand-shaking' with the host genome to avoid exclusion and coordinate metabolic interdependencies, as well as genes that enhance metabolism and reproduction in the host cytosol. The free-living subpopulation, on the other hand, might favor genes that slow metabolism and reproduction and enhance survival under nutrientlimited conditions (for example, in the deep sea). New details have emerged regarding the range of adaptations used by endosymbionts, parallels with pathogens, provisioning from symbiont to host and many ecological aspects, including transmission between host generations and the duality of negotiating between host-associated and free-living lifestages. Recent advances in molecular biology and genomics have enabled this insight for chemosynthetic symbionts, in particular, hosted by the marine oligochaete Olavius algarvensis (Woyke et al., 2006) , vesicomyid clam species (Kuwahara et al., 2007; Newton et al., 2007) , the siboglinid tubeworm Riftia pachyptila (Robidart et al., 2008) and the heterotrophic symbionts of wood-boring bivalves (Yang et al., 2009 ).
An unusual symbiosis involving gutless marine polychaetes of the genus Osedax and heterotrophic gammaproteobacteria belonging to the order Oceanospirillales was first observed in 2002 living on a gray whale skeleton at B3000 m depth in the Monterey Submarine Canyon, California Rouse et al., 2004) . Now, 17 morphologically diverse species are known worldwide from depths ranging from 25 to 3000 meters Rouse et al., 2004; Glover et al., 2005; Fujikura et al., 2006; Braby et al., 2007; Vrijenhoek et al., 2009; Salathé and Vrijenhoek, 2012) . Evidence for Osedax borings in fossilized bones suggests that the genus has historically colonized a large portion of the world's oceans (Higgs et al., 2011; Kiel et al., 2011; Higgs et al., 2012) . Much is now known about the role of these worms in degrading sunken bones and the recycling of deep-sea carbon (Goffredi et al., 2005; Braby et al., 2007) , their phylogenetic relationships (Vrijenhoek et al., 2009; Hilário et al., 2011) , and an unusual reproductive strategy that involves dwarf males and environmental sex determination Vrijenhoek et al., 2008; Rouse et al., 2011; Miyamoto et al., 2013) .
Osedax are unique among members of the polychaete family Siboglinidae in that they possess a complex system of 'roots' with an ovisac covered by tissue which houses intracellular bacteria (Table 5 ; Goffredi et al., 2004) . Collagen from bone appears to be their nutritional foundation, based on d 13 C signatures that are consistent between Osedax tissues and the collagen-specific fraction in whale bones (Goffredi et al., 2005) . The worms are hypothesized to use acidifying vacuolar H þ -ATPases in their root-like tissue to bore into and breakdown the hard, calcified matrix of bones (Tresguerres et al., 2013) . Based on unsuccessful attempts at PCR amplification of genes required for autotrophic CO 2 fixation (that is, ribulose-1, 5-bisphosphate carboxylase/oxygenase and ATP citrate lyase), the symbionts are hypothesized to be uniquely heterotrophic, rather than chemosynthetic, as in all other examined siboglinids (Goffredi et al., 2005) . The symbionts are likely responsible for at least some of the nutritional needs of the host, as evidenced by concordant d 13 C compound-specific isotopic measures between symbiont-derived fatty acids and host-produced wax esters (Goffredi et al., 2005 (Goffredi et al., , 2007 . The specific nature of the symbiont metabolism, and any exchange of compounds, however, has yet to be elucidated.
All species of Osedax examined to date host related bacteria from the Oceanospirillales order of Gammaproteobacteria (Goffredi et al., 2005 (Goffredi et al., , 2007 Verna et al., 2010; Salathé and Vrijenhoek, 2012) . In this study, we examine the dominant symbiont 'ribospecies' Rs1 and Rs2 associated with Osedax rubiplumus and Osedax frankpressi living at 1820-2891 m depths in Monterey Canyon (Goffredi et al., 2005; Salathé and Vrijenhoek, 2012) . A previous study noted that the frequencies of Rs1 and Rs2 symbionts hosted by these worms varied as the bones decompose and that the observed temporal shifts are independent of host species, suggesting a direct influence of the local environment on symbiont populations (Salathé and Vrijenhoek, 2012) . A genomic comparison of the two dominant symbiont types in Osedax worms offers the opportunity to elucidate details regarding their specific metabolism and to assess whether spatial or temporal heterogeneity, even within the deep sea, can influence biological diversity. DNA extraction and evaluation of purity For genomic analysis, host root tissues were loosely homogenized in ice-cold 1 Â phosphate-buffered saline using a Kontes ground glass homogenzer. Symbionts were enriched via selective filtration from homogenate (3 mm pre-filter and final 0.22 mm filter), and collected on a hydrophilic Durapore membrane (Millipore, Billerica, MA, USA). Purity of captured cells was evaluated via fluorescence microscopy (DAPI and FISH, according to Goffredi et al. (2005) ), before proceeding to nucleic acid extraction. DNA extraction directly from filters was performed using the Qiagen DNeasy kit (Valencia, CA, USA), following the manufacturer's protocol, with the exception of an initial overnight lysis in 400 ml of ATL buffer and proteinase K. Symbiont identity for each sample was determined via molecular analysis, described below, and two samples containing the Rs1 and Rs2 symbionts were chosen for further genomic analysis. For simplification, we have maintained the ribospecies numbers (Rs1 and Rs2; Figure 1 ) associated with each symbiont based on the designation by Salathé and Vrijenhoek (2012) , which correspond to the original 16S rRNA GenBank submissions AY549005 and AY549004, respectively (Goffredi et al., 2005) . The amount of extracted DNA, calculated using a Qubit fluorometer (Invitrogen) and Quant-iT PicoGreen (Invitrogen), was 150 and 50 ng for the Rs1 and Rs2 symbiont samples, respectively.
Materials and methods

Sample collection
To ensure the relative symbiont purity in the nucleic acid extractions, we examined the microbial composition of the 16S ribosomal RNA gene (V1-V3 region) via pyrosequencing, according to Chun et al. (2010) (see Supplementary Methods for more details). Subsequent genomic analysis was performed on two samples that were determined to be relatively pure, one from each symbiont type, based on dominance of the target Oceanospirillales symbiont, which comprised 84% and 56% of the recovered 16S rRNA barcodes for symbionts Rs1 and Rs2, respectively (Supplementary Figure S1) . The genomic DNA from both samples was subjected to whole-genome multiple displacement amplification (MDA) using the REPLI-g Mini kit (Qiagen) according to the manufacturer's recommendations. A UV irradiation method was employed to eliminate exogenous contaminant DNA found in MDA reagents (Woyke et al., 2011) and 25 independent amplification reactions were pooled for further analysis. Before genome sequencing, amplified DNA (B20 mg) was purified using the QIAamp DNA Mini kit (Qiagen) following the manufacturer's supplementary protocol.
Genome sequencing, assembly and partitioning The Osedax symbiont Rs1 genome was sequenced using a combination of both Illumina and 454 FLX sequencing, from both a non-amplified and MDAamplified nucleic acid extraction, described above. A 150-bp paired-end library was prepared from 8 ng of the non-amplified metagenomic DNA using the Nextera DNA sample preparation kit (Illumina, San Diego, CA, USA) and a total of 6 163 796 reads were obtained using an Illumina MiSeq instrument. Sequencing of the MDA-amplified Rs1 sample was performed from both an Illumina GAIIx 100 bp paired-end library (using the TruSeq DNA sample preparation kit) and from a 454 FLX Titanium 8-kbspan paired-end library (according to the Roche/454 protocol for titanium shotgun libraries), both from 5 mg of the MDA-amplified sample. A total of 203 574 paired reads were obtained from the 454 FLX run (average length ¼ 356 bp), whereas 61 819 346 were obtained from the Illumina run. The Osedax symbiont Rs2 genome was sequenced from an Illumina GAIIx 100-bp paired-end shotgun library, prepared from 5 mg of the purified MDA Figure 1 Phylogenetic relationships among the Osedax symbionts, based on the 16S rRNA gene. Additional sequences were obtained from GenBank and aligned using the ARB automated alignment tool with subsequent manual refinements. Taxa in bold denote those discussed in detail in this paper. The bacterial 16S rRNA-encoding sequences in the metagenomic sequencing reads for Osedax symbiont Rs1 were extracted using rRNASelector program. Fragments that showed overlap with an rRNA (460 bp; HMM profile with E-value lower than 10 À 5 ) were identified as rRNA-coding regions. The 16S rRNA gene of the symbiont Rs2 sample was acquired via manual assembly of the 16S rRNA community sequence data, before metagenomic sequencing. For near full-length representatives and closest relatives, neighbor-joining analysis was conducted with Olsen distance correction. Colwellia piezophila (AB094412) was used as the outgroup. A more detailed phylogeny can be found in Salathe and Vrijenhoek (2012 Redundant high-coverage reads and sequencing errors from the MDA-amplified samples were removed via 'digital normalization' according to Brown et al. (2012) . The resulting Illumina sequences for both genomes were assembled using CLC genomics wb5 (CLC Bio, Aarhus, Denmark), whereas the 454 reads of the Rs1 genome were assembled using the Newbler assembler 2.3 (Roche Diagnostics, Indianapolis, IN, USA). For the Osedax symbiont Rs1 genome, a hybrid assembly of both Illumina runs (non-amplified Nextera and MDA-amplified) and the 454 contigs was performed using CLC Genomics Workbench 5 and CodonCode Aligner (CodonCode Co, Centerville, MA, USA). The assembled contigs were subjected to in silico separation of the target genome from other possible metagenomic data sets using pentanucleotide content analysis as described previously (Woyke et al., 2006; Kanehisa et al., 2010;  custom java code available at http://sw.ezbiocloud.net; Supplementary Figure S2 and Supplementary Results). In cases where a unique capability was attributed to the target symbiont genome, the partition to which it belonged was confirmed via recruitment and mapping of the contig against the bin, as well as the phylogenetic placement of surrounding contiguous genes.
Open-reading frames were predicted using Glimmer 3 (Delcher et al., 2007) and the assembled contigs and scaffolds were uploaded into the RAST server (Aziz et al., 2008) . The predicted ORFs were annotated by searching against clusters of orthologous groups (COGs; Tatusov et al., 1997) and SEED databases (Disz et al., 2010) . A comparative method was also employed, as described previously by Chun et al. (2009) , in which target contigs with homology to a query ORF (450% amino-acid sequence over 50% of the length of the gene) were identified using BLASTN. Nucleotide sequences of the query ORF, and selection of target homologous regions, were then aligned using a pairwise global alignment algorithm (Myers and Miller, 1988) . Orthologs and paralogs were differentiated by reciprocal comparison. A comparison of ORFs present in both symbiont types, versus Neptuniibacter caesariensis and Neptunomonas japonica, was conducted using Venny (Figure 2 ; Oliveros, 2007) .
Phylogenetic analysis-Average nucleotide identity of ORFs A phylogenetic analysis, using highly conserved orthologous genes, compared the genomes of the Osedax symbionts Rs1 and Rs2 with 16 other Oceanospirillales genomes available in public databases. A set of 304 ORFs (107 966 amino acids) showing greater than 40% amino-acid sequence similarity to symbiont Rs1, over 70% of the length of the gene, was selected as highly conserved and aligned using CLUSTALX (Thompson et al., 2002) . Multiple alignments were concatenated and then used to construct a genome tree using the neighborjoining method implemented in MEGA (Saitou and Nei, 1987; Kumar et al., 2008 ). An evolutionary distance matrix for the neighbor-joining tree was generated according to the model of Jukes and Cantor (1969) and the resulting tree topology was evaluated by bootstrap analysis (Figure 3 ; Felsenstein, 1985) . Evolutionary distance between the symbionts, and other relatives, was measured by the average nucleotide identity (ANI), computed by a BLAST algorithm, as previously described (Konstantinidis and Tiedje, 2005; Goris et al., 2007) .
Completeness estimation
Completeness of the genomes was estimated via the presence of 111 universal bacterial genes, identified by Dupont et al. (2012) , using hmmer3 (Finn et al., 2011) , requiring 70% length match for each HMM, with the trusted cutoff as the minimum score (Supplementary Table S2 ). As many of the universal core genes are co-localized, including ribosomal and sec translocase genes, an additional estimate of completeness for symbiont Rs2 was assessed by comparison of B169 lineage-specific uniformly spaced single-copy genes, identified in a minimum of 95% of gammaproteobacteria genomes in IMG release 4.0 (out of 418 genomes). The scripts for both estimates are available at https://github.com/ Ecogenomics/CheckM.
Diagnostic symbiont and host identification
Samples were extracted using the Qiagen DNeasy kit, according to manufacturer's instructions. Symbiont Figure 2 Common and unique genes in the Osedax symbionts Rs1 and Rs2, in comparison with the closest relatives Neptuniibacter caesariensis and Neptunomonas japonicus, obtained by bidirectional best-hit analysis of all protein sequences in each genome. The Venn diagrams depict the overlap of those genes for which the function was assigned (that is, not hypothetical) and which were not duplicated. Unique genes may include some paralogs within each genome.
and host identities of these individual worms were confirmed by amplification and sequencing of the symbiont 16S rRNA and host 18S rRNA (or cytochrome c oxidase) genes. A low-cost alternative for determining the dominant symbiont strain within each worm involved the specific amplification of the symbiont 16S rRNA gene, using an Oceanospirillales-specific primer pair (Supplementary  Table S3 ; Rouse et al., 2011) , followed by subsequent digestion with EcoRI, HaeIII and AluII (New England Biolabs, Ipswich, MA, USA), according to the manufacturer's recommendation. The specific pattern indicative of each symbiont (Supplementary Figure S3 ) was confirmed via direct sequencing (Laragen, Culver City, CA, USA), according to Goffredi et al., 2012 . Sequences were assembled and edited using Sequencher v4.10.1 (GeneCodes Corp., Ann Arbor, MI, USA) and compiled in ARB, after initial alignment using the SILVA Aligner function (Ludwig et al., 2004; Pruesse et al., 2007) . Additionally, bacterial 16S rRNA-encoding sequences in the subsequent metagenomic sequencing reads for Osedax symbiont Rs1 were extracted using rRNASelector program . Fragments that showed overlap with an rRNA (460 bp; HMM profile with E-value lower than 10 À 5 ) were identified as rRNA-coding regions and extracted (Figure 1 ; GenBank acc. no. KC862278). The 16S rRNA gene of the symbiont Rs2 sample was acquired via manual assembly of the 16S rRNA community sequence data, before metagenomic sequencing (Figure 1 , acc. no. KC862279). Host identities were confirmed via amplification and sequencing of either COI or 18S rRNA gene sequences (see Supplementary Table S3 ) compared, via BLASTN, to Osedax host sequences available in GenBank.
The soxB gene (sulfate thioesterase/sulfate thiohydrolase) was amplified using previously published primers 432F/1446R (or 693F/1446R) and PCR conditions (Supplementary Table S3 , Supplementary Figure S4) , and sequenced using an Applied BioSystems (Foster City, CA, USA) 3500xL Genetic Analyzer. Additionally, a targeted gene amplification approach from worms specifically infected by symbiont Rs1 (both O. rubiplumus and O. frankpressi, was performed for two methylaccepting chemotaxis genes (mcp3, mcp4), the histidine protein kinase cheA gene, the methyltransferase cheR gene, and the methylesterase gene cheB, using primers designed in this study and conditions shown in Supplementary Table S3 . Sequences were assembled, edited and translated using Sequencher v4.10.1 (GeneCodes Corp.) and a concatenatation, in the case of mcp and che genes, was compared via neighbor-joining analysis ( Figure 4 ).
Nucleotide sequence accession numbers
The Osedax symbiont genomes were deposited in GenBank under accession number PRJNA191058 (symbiont Rs1) and PRJNA191057 (symbiont Rs2). Figure 3 Genomic relatedness of the Osedax symbionts to 17 other bacteria within the order Oceanospirillales available in public databases (an '*' denotes genomes from this study). The comparison is based on sequence similarity among a set of 300 highly conserved orthologous genes, showing greater than 40% amino-acid sequence similarity to Osedax symbiont Rs1. Sequences were aligned using CLUSTALX and multiple alignments were concatenated and then used to construct a genome tree using the neighbor-joining method implemented in MEGA. An evolutionary distance matrix for the neighbor-joining tree was generated according to the model of Jukes and Cantor (1969) and the resulting tree topology was evaluated by bootstrap analysis (numbers at nodes indicate bootstrap support from 1000 re-sampled data sets). The scale bar represents 0.05 substitutions per site.
GenBank accession numbers for cheA, cheB, cheR and mcp2 gene sequences obtained in this study are KC814720-KC814787. The GenBank accession number for the soxB gene from symbiont Rs2 is KF444201. Sequences that were shorter than 200 bp length, yet still informative with regard to ecotype distinctions between symbiont populations, including mcp3 and mcp4, can be found in Supplementary Figure S5 . GenBank accession numbers for the 16S rRNA sequences corresponding to symbionts in this study are KC862278 (Rs1) and KC862279 (Rs2).
Carbon elemental analysis
On collection, worms for 13 C tracer experiments were carefully removed from substrate and incubated, for 65 h at 4 1C on board ship in glass vials, in the presence of various substrates, of which B20% was 13 C-labeled (in 100 ml 0.2 mm-filtered sea water; Table 5 ). Before analysis, specimens were divided into root and trunk tissues (symbiont-and non-symbiont containing, respectively) and were washed with 1 Â phosphate-buffered solution (PBS) to remove residual-labeled salts. The uptake of 13 C label was then analyzed via elemental analysis isotope ratio mass spectrometry. Inorganic carbon was dissolved by acidification with 85% phosphoric for 2 h at 50 1C. Samples (0.2-1.2 mg) were lyophilized and transferred to tin capsules (9 Â 5 mm). d 13 C of bulk organic matter and weight percent total organic carbon were determined via continuous flow (He; 100 ml min À 1 ) on a Costech Instruments Elemental Combustion System model 4010 (EA) by oxidation at 980 1C over chromium (III) oxide and silvered cobalt (II, III) oxide followed by reduction over elemental copper at 650 1C. CO 2 was subsequently passed through a water trap and a 5-Å molecular sieve GC at 50 1C to separate N 2 from CO 2 . CO 2 was diluted with helium in a Conflo IV interface/open split before analysis. d 13 C values were measured on a Thermo Scientific Delta V Plus irMS. d
13
C and values were corrected for sample size dependency and then normalized to the VPDB scale with a two-point calibration and internal standards (Coplen et al., 2006) . Accuracy was ± 0.09% (n ¼ 20) and precision was ±0.02% (n ¼ 5; 1s), determined by analyzing independent standards as samples and precision was determined from international standards.
Results and discussion
Here, we describe the genomes of the two dominant Oceanospirillales symbionts found in association with the deep-sea polychaete genus Osedax. Evidence from comparative analysis among free-living relatives and a related symbiont of marine bivalves, suggests metabolic versatility, strategies for intracellular survival, potential virulence capabilities and evidence for local niche adaptation between ribospecies of the free-living lifestages of the Osedax symbionts (Rs1 and Rs2). Phylogenetic relationships among chemotaxis-related functional genes, based on amino-acid divergence, for Osedax symbiont Rs1 individuals with identical 16S rRNA genes, collected from two different species (Osedax rubiplumus (Or) and O. frankpressi (Ofp)), from two different sites, over 112 months. The midpoint-rooted neighbor-joining distance tree shown here was constructed from an alignment of five concatenated genes, including two methyl-accepting chemotaxis genes (mcp3, mcp4), the histidine protein kinase cheA gene, the methyltransferase cheR gene, and the methylesterase gene cheB. Two main clades cluster by early and late periods of time on the seafloor, with the early group showing a possible relationship to host species. Dive numbers begin with the remotely operated vehicle name; T ¼ Tiburon, DR ¼ Doc Ricketts (both owned and operated by the Monterey Bay Aquarium Research Institute). The number in parentheses indicates the number of worms analyzed from each dive. Genes amplified from the Osedax symbiont Rs1 corresponding to the genome sample was collected during dive DR236 (1*).
General genomic features.
The Osedax symbiont Rs1 hybrid genome assembly resulted in 231 contigs (average length of 19.4 kb, range 1-180 kb), and 47 scaffolds ranging from 2 to 480 kb, with a total approximate length of 4 512 748 bp (Table 1; Figure 5 ). This genome was estimated to be B94% complete with the singular occurrence of 104/111 core genes (Supplementary  Table S2 ). For the Osedax symbiont Rs2 genome assembly, 411 contigs were acquired (average length of 12.8 kb, range 1-76 kb), with a total approximate length of 4 649 842 bp, and an estimate of 66% completeness (73/111 core genes; Table 1 ; Supplementary Table S2; Figure 5 ). As many of the genes that were missing from the symbiont Rs2 genome were ribosomal genes (n ¼ 22; Supplementary  Table S2) , which are typically co-localized on the genome, a further assessment of 169 lineage-specific uniformly-spaced core genes shared among gammaproteobacteria revealed the symbiont Rs2 genome to be B89% complete. Despite an initial contamination of this sample by Cytophaga-related sequences, the occurrence of single-copy core genes after binning (that is, dnaK, gyrA, pgk, rpoC, secA; Supplementary Table S2 ), suggests that the symbiont Rs2 genome contains information from the symbiont only. Both symbiont genomes are within the range of previous estimates in close relatives for genome size (3.9-5.2 Mb), as well as the number of coding genes (3500-4700; Table 1 ). Coding density for each of the symbiont genomes was B80% and, after binning, 84% of the annotations in both genomes were most similar to those within the gammaproteobacteria (Supplementary Figure S1) .
Phylogenetic affiliation
A phylogenetic analysis, based on 304 highly conserved orthologous genes, was used to describe the genetic relatedness between the Osedax symbionts Rs1 and Rs2 to 17 other Oceanospirillales available in public databases (Figure 3 ). Based on this lineage-specific analysis, the symbionts were most closely related to each other, and formed a monophyletic clade within the radiation of the order Oceanospirillales, consistent with single gene 16S rRNA analysis (Figure 3 ; Goffredi et al., 2007; Salathé and Vrijenhoek, 2012) . The symbionts shared an average genome nucleotide identity This value reflects the incomplete nature of the symbiont Rs2 genome, in that it is missing many of the co-localized RNA subunit genes (Supplementary Table S2 ). Supplementary Table S5 . Ring 3 shows the position of rRNAs and tRNAs in symbiont Rs1. Ring 4 represents the genome of symbiont Rs2, color coded according to homology with the genes of symbiont Rs1, depicted in the inset at right. Rings 5 and 6 are G þ C content and G þ C skew, respectively. The yellow and blue denote %G þ C content (window size of 10 000 bp, step size 1000 bp), ranging from 30% to 53% with a step of 1%, which was higher and lower than the average G þ C content of Rs1, respectively. The green and red
; (window size 10 000 bp, step size 1000 bp), ranging from À 0.22 to 0.25 with a step of 0.01%, and values o0 and 40, respectively.
(ANI) value of 73%, which clearly suggests they belong to different species (Konstantinidis and Tiedje, 2005; Goris et al., 2007) . Neptuniibacter caesariensis, isolated from the Mediterranean Sea, and Neptunomonas japonica, isolated from sediments near a sperm whale carcass off Japan, were the closest sequenced relatives based on genomic data available (Arahal et al., 2007; Miyazaki et al., 2008) , and both shared B67% ANI value with the Osedax symbiont genomes. For this reason, many traits below are compared between the Osedax symbionts and these related bacteria.
Evidence for a free-living lifestage
The genomic characteristics of intracellular symbionts are greatly affected by the mode of transmission between host generations. In general, large genomes are thought to be more ecologically versatile (Konstantinidis and Tiedje, 2004) , which would thus be important for an environmentally acquired symbiont that has both free-living and host-associated stages. The estimated genome sizes of the Osedax symbionts, larger than free-living relatives, and similar to the facultative intracellular endosymbiont Teredinibacter turnerae of the marine shipworm bivalve (Table 1; Yang et al., 2009) , indirectly suggests a possible retention of genes for both free-living and intracellular existence. Vestimentiferan tubeworms, siboglinid relatives of Osedax, are infected each generation with symbionts from the local environment in which the worm larvae settle (Nussbaumer et al., 2006) . It is not known definitively whether Osedax acquire symbionts in a similar manner, however, molecular and microscopic analysis did not detect symbionts in either eggs or early larval stages , supporting this assumption. Both Osedax symbionts possess the full complement of genes necessary for flagella formation, including fla, fle, flg, flh and fli gene clusters, indicating the capability for movement. Similarly, the Osedax symbionts have a complex chemosensory system with 420 genes encoding for putative methyl-accepting chemotactic sensory genes (mcps) involved in extracellular signal recognition and initiation of chemotaxis in bacteria (Wadhams and Armitage, 2004) . The presence of genes responsible for motility-conferring flagella and sensing of the environment supports the assumption of a freeliving stage for the Osedax symbionts. The large number of mcp genes identified in the symbionts may reflect complex associations with other organisms, as observed for many pathogens and some symbionts (B20-40 mcp genes is common; Dziejman et al., 2002; Robidart et al., 2008) . However, the free-living relative Neptunomonas japonica also possesses a large number of mcp copies (n ¼ 17), thus it is more likely that this reflects an increased need for detection and response to dissolved organic matter at abyssal depths, as has been observed in the genomes of many deep-sea bacterial species (Lauro and Bartlett, 2008) .
Metabolic flexibility
Lack of CO 2 fixation genes supports early evidence of the heterotrophic nature of the Osedax symbionts and confirms their unusual divergence from the typical chemosynthetic lifestyle of all other related siboglinids (Naganuma et al., 2005; Thornhill et al., 2008; Hilário et al., 2011) . Consistent with possible exposure to variable chemical regimes, and heterotrophy, the transport profile of the Osedax symbionts indicates flexibility in the types of compounds brought into the cell. The genome for both symbionts is devoted to ATP-binding cassette (ABC) and TRAP-like transport genes with predicted specificity for various carbohydrates, amino acids and peptides, suggesting a broad substrate spectrum for both carbon and nitrogen gain ( Table 2,  Supplementary Table S4 ). Membrane transport, as a category, comprised 10-12% of the total number of annotated genes in the Osedax symbiont genomes, compared with 8% in both N. caesariensis and N. japonica (Supplementary Table S4) . Notably, B30 genes involved in ABC transport of oligo-and dipeptides were observed in the symbiont genomes, compared with o10 in both N. caesariensis and N. japonica. The symbionts have the potential to metabolize monosaccharides, sugar alcohols, fatty acids, organic acids, and in the case of symbiont Rs2, disaccharides and amino sugars (Tables 2-4 ). This versatility in the Osedax symbionts likely reflects the diversity of compounds readily available in the whale fall environment, as well as those available intracellularly. Overall, the genomic potential for monosaccharide uptake by the Osedax symbionts, in particular, is in stark contrast to both N. caesariensis and N. japonica, which instead have greater numbers of genes dedicated to fermentation (Table 4 ; Arahal et al., 2007; Miyazaki et al., 2008) . Apparent uptake of 13 C-labeled glucose supports the utilization of monosaccharides by Osedax (Table 5) , however further analyses with larger sample sizes is necessary to confirm the importance of specific substrates in their overall metabolism.
Collagen is thought to be the source of nutrition for the Osedax symbiosis, based on consistent d 13 C signatures between Osedax tissues and the collagenspecific fraction found in bone (Goffredi et al., 2005) . A potential for collagen breakdown by the Osedax symbiosis was established by the presence of collagenase in the root tissues of individual worms (Goffredi et al., 2007) , although at the time it was not possible to determine whether the symbiont or host was the source of the collagenase activity. In the present study, collagenase genes were not identified in the Osedax symbiont genomes and instead, genes with homology to glycine oxidase, proline iminopeptidase, 4 0 -hydroxyproline dipeptidase were identified in both symbionts. In live animal tracer experiments, 13 C from labeled glycine (with proline amended), was taken up by the worms within 65 h of exposure (Table 5) . It now seems likely, then, that collagen-derived amino acids (for example, glycine, proline and hydroxyproline) or peptides are liberated by the host, and used by the symbionts. Genes involved in proline catabolism were also identified in symbiont Rs2 by an indirect screen of bacterial mRNA transcripts from the root tissue of Osedax frankpressi, suggesting a role in the intact symbiosis (G. Rouse, SIO, personal communication) . Additionally, in the present study, numerous copies of genes homologous to those that encode for ABC transport of both oligopeptides (OppABCDF) and dipeptides (DppBCDF; Monnet, 2003) were found in the Osedax symbionts, arranged in 5-6 kb operon-like structures. As a symbiont, peptidolytic activity would be important if, as mentioned, the host worm provides small peptides derived from the dissolution of the collagenous bone matrix.
There appears to be similar versatility with regard to phosphate and iron acquisition by both Osedax symbionts. Phosphate uptake genes identified in the Osedax symbionts included ABC-transporters for phosphate, phosphonate and glycerol-3-phosphate (glycerol-P). By comparison, only 3 of the 17 Oceanospirillales relatives (Figure 3 ) possessed all three mechanisms. Iron uptake, which is discussed in more detail later, is also potentially accomplished via three separate mechanisms in each symbiont, including ABC transport of ferric iron and heme by both symbionts, as well as hemin uptake by the Rs1 symbiont and siderophoremediated iron uptake in symbiont Rs2 (Table 3) . All of these genes were identified along operons (3-8 kb), on large contigs (11-90 kb), and included the presence of the Fur gene, which mediates the transcriptional regulation, via its protein product, of iron-related genes (Litwin and Calderwood, 1993) . Similarly, only 2 of 17 close relatives examined possessed all three distinct mechanisms for iron uptake. This flexibility in the Osedax symbionts for the solubilization and acquisition of iron may reflect adaptation to both the deep-sea water column and host cytosol.
Genomic implications for intracellular life
Heterotrophic intracellular symbionts must adapt their metabolism to the available nutrients and physical conditions within the cell or in vacuoles, as is the case for the Osedax symbionts. A dependence on cytosolic carbon and other nutrients requires special physiological adaptations that may not be observed in closely related freeliving relatives. In general, the mechanisms of nutrient uptake by intracellular bacteria are not well understood and for the Osedax symbionts is a situation much more analogous to that of intracellular pathogens, rather than either chemo-or photoautotrophic endosymbionts.
As mentioned, the Osedax symbiont genomes reveal the potential for numerous methods of iron mobilization and transport, some of which are closely linked to virulence in other bacteria. For example, genes that encode large surface exoproteins, homologous to hemolysins, were identified in both Osedax symbionts. The acquisition of iron from host cells, most of which is bound, is accomplished by many intracellular bacteria by the production of hemolysins (Kuhn et al., 1988; Portnoy et al., 1988) . The direct use of heme and/or hemin has also been observed in many pathogens and for Yersinia, Neisseria and Vibrio species, is the sole strategy for iron acquisition (Perry and Brubaker, 1979; Mickelsen and Sparling, 1981; Stoebner and Payne, 1988) . Not only do both Osedax symbionts possess ABC-type heme transporters, but the Rs1 symbiont specifically carries the hmu gene cluster, which is essential for utilization of free hemin and heme-protein complexes by Yersinia pestis (Hornung et al., 1996) . Likewise, siderophores, for which coding genes were identified in the Osedax symbiont Rs2 genome, can also effectively scavenge iron from host iron-binding compounds. Interestingly, the siderophore transport genes observed in the Rs2 symbiont were similar (45-55% by aminoacid content) to those encoding the citrate-containing siderophores petrobactin, anguibactin and vibriobactin found in many pathogenic bacteria (Griffiths et al., 1984; Actis et al., 1986; Koppisch et al., 2005) . Iron scavenging has been shown to be critically important to successful virulence and may confer the same advantage for accessing iron in intracellular beneficial endosymbionts as it does Indicates a complete cassette, with no abbreviation given.
e Also annotated as a ferrichrome transporter in SEED.
Comparative genomics of Osedax symbionts SK Goffredi et al in pathogens. The Candidatus Poribacteria symbiont in sponges has the genomic potential for both ferric iron and heme uptake (Siegl et al., 2010) , Candidatus Endoriftia persephone, the symbiont in tubeworms, can uptake both ferrous and ferric iron (Robidart et al., 2008) , whereas Teredinibacter turnerae, the symbiont of wood-feeding bivalves, appears to possess only a single hemin-based mechanism for iron uptake (Yang et al., 2009) . Until additional data is available for other beneficial symbionts, it remains unknown whether multiple modes of iron acquisition are an adaptation broadly employed by symbionts. In addition, genes that bypass part of the TCA cycle, including isocitrate lyase (aceA), malate synthase (aceB) and methylisocitrate lyase (prpB) were identified in the Osedax symbionts. Although observed widely in bacteria, the glyoxylate and methylcitrate cycles have been attributed to enhancement of cytosolic residence in intracellular The COG function of this gene cluster is annotated as a cobalt transporter.
e Gene clusters for capsule formation were identified in all four Halomonas species, as well as in 1-2 other close relatives.
Comparative genomics of Osedax symbionts SK Goffredi et al pathogens including Mycobacterium and Salmonella, presumably by allowing for rapid and efficient growth on host-produced odd-chain-length fatty acids (McKinney et al., 2000; Fang et al., 2005; Muñ oz-Elías and McKinney 2005; Gould et al., 2006; Eisenreich et al., 2010) . The Osedax symbionts possess many genes devoted to the specific degradation of branched-chain amino acids, which also results in the generation of propionyl-CoA, rather than acetyl-CoA (Muñ oz-Elías et al., 2006), thus increasing the necessity for the methylcitrate cycle. The observation of genes for these two TCA shunts in both Osedax symbionts, as well as in the marine bivalve symbiont, Ruthia magnifica (Newton et al., 2007) , suggests that they, too, may be important for intracellular life. Again, however, a more thorough comparison between heterotrophic symbionts and pathogens is critical to our understanding of the relative importance of these pathways for symbiosis. Finally, although the Osedax symbionts presumably form beneficial associations, they possess genes known to be involved in attachment and colonization of eukaryotic cells. Both Osedax symbionts contain pil genes responsible for Type IV pili formation, including pilin subunits, a prepilin peptidase, assembly and retraction ATPases, an inner membrane protein, and a secretin (Supplementary Results; Craig and Li, 2008) . Similarly, they possess imp genes that encode Type VI pili formation, as well as the clpB and vrgG genes observed to be necessary for host cell interactions and virulence in many pathogens (Table 3 ; Supplementary Results; Schlieker et al., 2005; Schell et al., 2007; Schwarz et al., 2010) . Neither of the closest free-living relatives, Neptuniibacter caesariensis and Neptunomonas japonica, possess Type VI secretion systems. Genes encoding a mannose-sensitive hemagglutinin (MSHA)-like Type-IVa pilus were also identified in both symbionts and the Osedax Rs1 symbiont uniquely possesses a Type-IVb tight adherence (tad) pilus-encoding gene cluster. These pili function in surface attachment, biofilm formation and colonization and are considered a key virulence factor in Vibrio cholerae and other pathogenic bacteria (Chiavelli et al., 2001; Dalisay et al., 2006; Tomich et al., 2007; O'Connell Motherway et al., 2011) . Both symbionts possess genes with homology Figure 1 (dive DR471).
c Combined root and trunk (n ¼ 4). A previous study revealed trunk and root tissue to have similar d
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C values within 1.0% (Goffredi et al., 2005) .
Comparative genomics of Osedax symbionts SK Goffredi et al to the internalin A (inlA) of Listeria monocytogenes and Clostridia perfringens, which functions in adhesion and movement into host cells (Gaillard et al., 1991; Lecuit et al., 1997) . Similarly, large genes were identified in both symbionts with homology to those that encode RTX-like toxins, which aid in membrane disruption and host cell invasion by pathogenic and symbiotic bacteria (Fullner et al., 2002; Jeong et al., 2005; Ruby et al., 2005) . Both T. teridinibacter and Photorhabdus luminescens, the symbiont of entomopathogenic nematodes, possess many similar secretion systems, adhesins and toxins, suggesting a role in mediating both adverse and beneficial interactions with eukaryotes (Ffrench-Constant et al., 2000; Duchaud et al., 2003; Yang et al., 2009) . The Osedax symbionts are not only suspected to infect nascent Osedax larvae, at a time when their immune system and developmental program might be more conducive to infection, but also to repeatedly infect adults, through their root tips, over time (Verna et al., 2010) . The latter scenario requires the symbionts to possess sufficient colonization mechanisms for adhesion and entry into the worms. The observed Type IV and VI secretion systems and putative virulence factors, such as internalins and toxins, may aid in this initial and repeated encounter and infection by the Osedax symbionts. The intracellular symbionts in Osedax likely provide an essential function that enables the unusual ecology of these worms, yet we did not identify obvious genomic features that uniquely identify them as symbionts. The symbionts appear capable of de novo synthesis of most B vitamins, including the very long vitamin B12 synthesis pathway, as well as a capability for vitamin B12 transport (btuCDF genes identified in the Osedax symbiont Rs1 and the btuC gene in the Rs2 symbiont). It, thus, makes it tempting to speculate that vitamin B12 could be made and transported to the host, which is presumably incapable of its own B12 synthesis, as are all animals (Warren et al., 2002) . Similarly, the symbionts are capable of de novo synthesis of all amino acids, except asparagine and tyrosine. The intriguing presence of a large number of genes annotated as 'lysine exporter protein LysE/YggA', involved in the export of several essential amino acids, and an apparent absence of these genes in the genomes of fully sequenced relatives, suggests that they may be specifically relevant for the Osedax symbiosis. Presently, however, the specific role of the symbionts remains to be definitively elucidated and requires further examination using culture-dependent and -independent techniques.
Environmental niche adaptation by symbiont populations A whale fall instantaneously creates a novel habitat that progressively changes as opportunistic organisms exploit the massive influx of nutrients to the seafloor. These spatially heterogeneous and enriched habitats persist for varying timespans of 5 to 50 years, depending on a number of conditions (for example, depth and oxygen concentrations; Smith and Baco, 2003; Goffredi et al., 2004; Braby et al., 2007; Lundsten et al., 2010) . Many organisms, both animals and free-living microbes, tend to be stratified in space and time around the decomposing carcasses (Smith et al., 2002; Goffredi et al., 2004; Braby et al., 2007; Goffredi et al., 2008; Vrijenhoek et al., 2009; Goffredi and Orphan, 2010; Lundsten et al., 2010) . Temporal variation also exists in relative abundances of the dominant symbiont types that infect Osedax (Goffredi et al., 2007; Verna et al., 2010) . Disproportionately greater numbers of ribospecies Rs2 occur at later points in time (Salathé and Vrijenhoek, 2012) . This shift occurs independently of shifts in host species composition, resulting perhaps from local adaptations to temporal changes in environmental gradients encountered by the preinfectious 'free-living' bacteria (Verna et al., 2010; Salathé and Vrijenhoek, 2012) . Intra-symbiont temporal variation in this study was also indicated by genes involved in the chemotaxis pathway sequenced from Osedax which housed only symbiont Rs1 with identical 16S rRNA sequences, collected from 26 different worms from two sites, over a 112-month period. These genes, including mcp3, mcp4, cheA, cheB and cheR, differed among specimens by as much as 20% amino-acid content and clustered according to the duration of time the whale carcass was estimated to be on the seafloor (7-63 months and 59-112 months, respectively; Figure 4 ). It is currently not clear whether this pattern is solely derived from temporal variation of the environmental symbiont community or if there is also a certain amount of species specificity of symbiont strains involved.
Genomic differences in the metabolic and biochemical potential of Rs1 and Rs2 are similarly consistent with the hypothesis that the environment controls the symbiont populations at a given time, and that hosts primarily acquire the locally-adapted symbiont. For example, Rs2 uniquely carries genes for sulfide oxidation (soxABDXYZ and molybdopterin C), some in a contiguous 4.2-kb operon. sox gene sequences were similar (47-70% amino-acid content) to genes from Neptuniibacter caesariensis, and many other sulfide-oxidizing free-living species. Targeted PCR amplification of the soxB from the genomic DNA of symbiont Rs2, and not Rs1, confirmed the likely absence of these genes from the latter symbiont (Supplementary Figure S4) . Advanced stages of whale fall decomposition generate significant increases in sulfide concentrations (Smith and Baco, 2003; Goffredi et al., 2008) and the ability to detoxify this harmful substance should benefit Rs2 during these later stages. Rs1 and Rs2 also differ in their abilities to use carbohydrates (Tables 3 and 4) . Specifically, Rs2 possesses a full complement of genes required for the uptake and metabolism of monosaccharides (ribose), disaccharides (maltose) and amino sugars (N-acetylglucosamine). The fact that symbiont Rs1 may be deficient in these capabilities was indicated by the much lower tissue enrichment values when animals were exposed to 13 C-labeled ribose (Table 5 ). These preliminary experiments should be repeated with larger sample sizes and consistent substrate concentrations to further confirm the distinct capabilities, or lack thereof, of each Osedax symbiont. The clade encompassing Rs2 also contains free-living representatives, including several found at the Deep Horizon oil spill (Figure 1 ; for example, HQ652516, Kessler et al., 2011) , similarly suggesting a broader nutritional repertoire than that of Rs1 and the others. During later stages of whale fall decomposition Rs2 may be exposed to a diverse mileau of carbon substrates, including sugars in the water column or on surfaces. Examinations of the specific changes in the availability of carbohydrates, in relation to whale fall longevity, as well as the actual occurrence of the symbionts in the environment outside the symbiosis and the biogeochemical parameters that determine their presence, are needed to test this hypothesis.
Conclusion
Despite a rise in publications on beneficial bacteria, detailed genomic information is available for relatively few intracellular endosymbionts that are newly acquired from the environment in each host generation. This endeavor is particularly relevant given our growing appreciation of the profound ways by which intimate interactions with bacteria can shape animal biology. In a recent synthesis of the top 100 fundamental questions in ecology, Sutherland et al. (2013) suggested that understanding the contribution of intraspecific diversity to the dynamics of mutualistic interactions, as well as the role of symbionts in maintaining host diversity, which must invariably relate to symbiont capabilities, are among the top research goals with regard to microbial ecology. Comparative genomics between closely related bacteria can reveal unique patterns of adaptation and ecological diversification. In this study, an assessment of the genomic capacity of the Osedax endosymbionts revealed metabolic versatility in carbon, phosphate and iron uptake strategies, mechanisms for intracellular survival, and numerous potential virulence/colonization capabilities. In the present case, and perhaps for other horizontally propagated symbioses, 'opportunistic acquisition' of locally adapted, environmental stages of the bacterial population may influence host diversity. Further genomic examinations of intracellular symbionts with free-living phases, and the elucidation of environmental controls on their temporal and spatial distributions, will establish a foundation for addressing hypotheses about the complex host-symbiont associations in marine and terrestrial environments.
